Cellular DNA is regularly subject to torsional stress during genomic processes, such as transcription and replication, resulting in a range of supercoiled DNA structures. 1,2,3 For this reason, methods to prepare and study supercoiled DNA at the single-molecule level are widely used, including magnetic, 4,5,6 angular-optical, 7,8,9 micro-pipette, 10 and magneto-optical tweezers. 11 However, in order to address many open questions, there is a growing need for new techniques that can combine rapid torque control with both spatial manipulation and fluorescence microscopy. Here we present a single-molecule assay that can rapidly and controllably generate negatively supercoiled DNA using a standard dualtrap optical tweezers instrument. Supercoiled DNA formed in this way is amenable to fast buffer exchange, and can be interrogated with both force spectroscopy and fluorescence imaging of the whole DNA. We establish this method as a powerful platform to study both the biophysical properties and biological interactions of negatively supercoiled DNA.
Introduction
Changes in both the twist and writhe of DNA play a significant role in many aspects of genome biology. 1, 2, 3 The topology of DNA is defined by its linking number (Lk), which is a linear combination of the molecular twist and writhe. The linking number of DNA is typically tuned in vivo through torsional stress. The resulting change in topology is known as supercoiling (), and is quantified as the fractional change in Lk, i.e., (Lk-Lk0)/Lk0. Supercoiling can be either positive ( > 0) or negative ( < 0) depending on the direction of the applied torque. While both positive and negative supercoiling occur frequently in vivo, overall the genome of Prokaryotes and Eukaryotes is slightly negatively supercoiled. 2, 12 At very low DNA tensions (< 1 pN), torsional stress is predominantly 3/25 absorbed as writhe, yielding buckled structures known as plectonemes. 13 At slightly higher tensions (> 1 pN), negative supercoiling can induce a range of underwound DNA conformations. 4, 6, 9, 14 The ability to study the influence of supercoiling on DNA-protein interactions is therefore of great importance. However, despite recent technical advancements, 14, 15, 16, 17 it is still challenging to combine DNA torque control with several key functionalities, such as fluorescence imaging and rapid buffer exchange. To address this, we have developed a multi-functional nano-mechanical assay, termed Optical DNA Supercoiling (ODS).
Results and Discussion
Our method exploits the intrinsic mechanical properties of DNA to induce a fixed reduction in Lk (Fig. 1a ). Here, an end-closed DNA molecule is first rendered torsionally constrained (i.e. Lk is fixed) through the binding of at least two biotin moieties (on each end of the DNA) to streptavidin-coated, optically trapped beads. 18 Application of high tension (~115 pN) induces overstretching, resulting in ~70% elongation in the DNA length without any global change in Lk. 18, 19 In the absence of torsional constraint, however, overstretching occurs at much lower forces (~65 pN), 20, 21 and is associated with cooperative unwinding of the double-helix; in this case, the average molecular twist is reduced from ~10.5 bp/turn to ~37.5 bp/turn. 19 Consequently, when torsionally constrained DNA is overstretched, the molecule experiences torsional stress, relative to the unconstrained state. This torsional stress can be released through swivelling of the DNA around a single biotin-streptavidin tether, which can happen for example when one of the biotin-streptavidin connections is disrupted ( Fig. 1b ). If the disrupted tether subsequently reforms, torsional constraint will be reinstated, but now with the DNA in a
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lower Lk than that of the B-form double-helix ( Fig. 1a ). Crucially, the reduced Lk is preserved upon decreasing the tension (i.e. the DNA remains negatively supercoiled).
We demonstrate this process experimentally in Fig. 2 . Here, the sequential force-distance curves obtained (following overstretching of end-closed torsionally constrained DNA) correspond to those expected for negatively supercoiled molecules (with values of  ranging from ~-0.1 to ~-0.7) ( Fig. 2a ). 19 The magnitude of  can be calibrated with reference to the known force-extension curves of negatively supercoiled DNA ( Fig. 2b and Methods). 19 The maximum value of  that can be generated using ODS is ~-0.7: the same as that associated with fully overstretched unconstrained DNA. 19 This value of  will occur if the torsional stress is fully released by transient disruption of a biotinstreptavidin tether at high force. In most cases, however, the tether reforms before the limiting value of  is reached. Importantly, the probability and timescale for tether disruption can be tuned by holding the torsionally constrained DNA molecule at high tension for increasing periods of time. For instance, after 10 seconds at ~150 pN, the average value of  generated is typically < 0.1 (Fig. 2c ). However, as demonstrated in Fig. 2a , by repeating such stretch-release cycles with the same DNA molecule, the value of  can be tuned over a much wider range (up to  -). The above behaviour accounts for ~25 % of cases, where supercoiling is only generated at forces > 115 pN (i.e. beyond the end of the overstretching transition). In another 25-35% of molecules, one of the biotin-streptavidin tethers is even less stable, and will already transiently disrupt during overstretchingthis allows the magnitude of  to be even more precisely controlled, simply by tuning the extent to which the molecule is initially overstretched (Fig. 2d,e ). A detailed summary of the various force-distance behaviours of end-capped torsionally constrained DNA is provided in Figs. S1 and S2 and SI Note 1.
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As well as being able to control the magnitude of , we note that, once generated, the supercoiled state is stable (i.e. Lk is fixed) over long periods of time at low forces. This is attributed to two key features. First, the biotin-streptavidin bond is orders of magnitude stronger at lower forces (e.g. < 10 pN) than at higher forces (> 100 pN) and is thus significantly less likely to break at low force. 22 Second, provided large microspheres are used, the torsional stress is not significantly dissipated through rotation of the beads (Fig.   S3 , SI Note 2). Experimentally, we verify that in ~90% of cases, the linking number of the supercoiled molecule changes < 2% over a period of 30 minutes at forces in the range of 5-40 pN when using 4.5 m diameter beads ( Fig. 2f , Fig. S4 , SI Note 3).
Since ODS is based on a standard dual-trap optical tweezers assay, it is inherently compatible with a wide range of functionalities, not least imaging of the whole DNA molecule with fluorescence microscopy. 23, 24 Additionally, the supercoiled substrate can be freely moved between different micro-fluidic channels, allowing for fast buffer exchange. This latter feature is greatly advantageous because it facilitates sequential binding of different proteins to the substrate, and also enables fluorescence images to be recorded under background-free conditions. 23 Furthermore, in our technique, the supercoiled state is generated rapidly (on the order of seconds), independent of the length of the DNA molecule. This is important, because it facilitates the use of much longer substrates (such as -DNA), which is beneficial for many fluorescence imaging studies. 23 In order to demonstrate the power of these combined functionalities, we first apply ODS to study the structural and mechanical properties of negatively supercoiled DNA as a function of ionic strength, tension, and protein binding. It has been previously reported that upon changing  from -0.1 to -1.5, torsionally constrained DNA held at ~5 pN undergoes a cooperative transition from B-DNA to an increasingly underwound state. 6, 9, 14 
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The underwound regions have been reported to exist as several different structures, including left-handed conformations (L-DNA and Z-DNA) as well as less defined basepair melted conformations (bubble-melted DNA). 14 However, the exact structures of underwound DNA and their dependence on local (e.g. cellular) environment is unclear.
To gain a better understanding of this, we investigated the mechanical properties of negatively supercoiled DNA (for  ~-0.45 and -0.65) by recording force-extension curves as a function of ionic strength ( Fig. 3a,b) . These experiments reveal two notable features.
The first is that, for NaCl concentrations below ~50 mM, the overstretching transition appears less cooperative (i.e. the change in force as a function of extension is more gradual and less smooth). Second, at very low ionic strength (< 25 mM NaCl) hysteresis is observed when comparing force-extension and force-retraction curves (Fig. 3b) . A similar hysteresis is also induced at elevated temperature ( Fig. S5 ). These observations indicate that underwound DNA exhibits a heterogeneous structure at these conditions, and is at least partially base-pair melted at low ionic strength. By fitting the extensible Worm-Like Chain model (up to 30 pN), quantitative information can be extracted from these curves (Figs. 3c and S6). These fits reveal a significant decrease in the apparent DNA persistence length, from ~50 nm to ~30 nm as  is reduced from -0.1 to -0.7.
Concomitant with this, the apparent DNA contour length increases by ~8 % over the same range of . This is consistent with the presence of both L-DNA and bubble-melted DNA, which have each been reported to exhibit a lower persistence length and a greater contour length than B-DNA. 9 To gain more insight into the structure of underwound DNA, we imaged the binding of fluorescently-labelled Replication Protein A (eGFP-RPA) to negatively supercoiled DNA. This protein has previously been used to identify bubble-melted domains of DNA
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under mechanical strain. 14, 18, 20 We first confirm that at low concentrations (0.8 nM), RPA does not significantly perturb the structure of underwound DNA (Fig. S7 ). Next, we compare the binding of eGFP-RPA to negatively supercoiled DNA at 5 pN and 55 pN, respectively (for  ~-0.65). Note that the binding affinity of RPA for base-pair melted DNA is tension independent. 20 These experiments were performed by incubating the DNA molecule in RPA (0.8 nM) for 2 minutes and then recording a snapshot image (e.g. Third, eGFP-RPA binding (at both low and high forces) is observed primarily in the most AT-rich domains of the DNA molecule ( Fig. 3f ). Such sequences have been shown previously to promote base-pair melting under mechanical stress. 20 Together, the above findings support a growing body of evidence that negatively supercoiled DNA exhibits a heterogeneous structure at low forces (e.g. 5 pN) and low salt concentrations (e.g. 25 mM NaCl), with a co-existence of at least L-DNA, B-DNA and bubble-melted structures. 5, 6, 9, 14 We next demonstrate the power of ODS to probe protein dynamics on supercoiled DNA.
To this end, we investigate how negative supercoiling can influence the diffusion of the mitochondrial transcription factor TFAM (Mitochondrial Transcription Factor A). This protein has vital roles in transcription initiation, replication and transmission of mitochondrial DNA. 25, 26 TFAM has been shown previously to diffuse rapidly on B-form
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DNA via a 1D sliding motion, with a diffusion coefficient of ~10 x10 4 nm 2 s -1 . 26 It has been proposed that this sliding provides a mechanism for the protein to efficiently search for its promoter sites on the mitochondrial genome. 26 Notably, mitochondrial DNA is circular (and therefore torsionally constrained) and is believed to exhibit a range of topologies in vivo, including negatively supercoiled states. 27 However, the influence of supercoiling on TFAM diffusion and on protein diffusion in general is unknown. To address this, we used ODS to probe three distinct DNA substrates, as highlighted in Fluor 555) on each DNA substrate, respectively (e.g. Fig. 4b ). Using single-particle tracking, we plotted the average mean squared displacement (MSD) for TFAM monomers on each substrate over time (Fig. 4c ). In all cases, the MSD increased linearly, consistent with free 1D diffusion. However, the diffusion coefficient for TFAM (determined from the gradient of the slopes in Fig. 4c) varies markedly for the different substrates. As summarized in Fig. 4d , the diffusion of TFAM on negatively supercoiled DNA ( ~-0.65) at 5 pN is ~50% lower than on pure B-form DNA at the same force. Moreover, a further reduction in diffusion coefficient occurs on overstretched, unconstrained DNA. The above results indicate that TFAM mobility on DNA is highly sensitive to the presence of underwound structures.
While the mobility of the protein on non-supercoiled (B-form) DNA is rapid and minimally force dependent (Fig. S9) , it is still lower than the maximum limit for rotationcoupled diffusion along the DNA backbone. 28 This implies that the protein is slowed down by more stable transient interactions with the DNA. The current work suggests that 9/25 these interactions are either stronger and / or less transient when the DNA is underwound. This is consistent with a recent study showing that TFAM has a higher binding affinity for negatively supercoiled plasmids. 29 We thus propose that TFAM interacts more strongly with local underwound structures, resulting in a slower 1D sliding on DNA. This has potentially important implications for the ability of TFAM to locate and interact with promoter sites in vivo and suggests a mechanism by which supercoiling could regulate processes such as mitochondrial transcription.
Taken together, the applications presented in this study showcase the unique ability of ODS to interrogate long molecules of supercoiled DNA using a combination of 3D nanomanipulation and fluorescence microscopy. In this way, we demonstrate that the method is a robust and powerful approach for probing the structural properties of underwound DNA as well as the interplay between negative supercoiling and DNA-binding proteins.
We propose that ODS can therefore be applied to address many open questions in genome biology, by enabling mechanistic studies of, for example, RNA polymerases, helicases and topoisomerases. To this end, we envision that the technique could be even further functionalized through integration with, for example, FRET, 24 super-resolution imaging 23 and fluorescence polarization microscopy. 30 
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Methods DNA construct design. End-closed DNA molecules (~48.5 kb) were prepared by ligating an end-cap to each terminal cos-site of λ-DNA. 18 Biotin moieties were covalently attached to four thymine residues (underlined above) within or near the 5T loop. Once each end-cap was ligated to λ-DNA, the DNA molecule could be tethered between two streptavidin-coated beads via biotin-streptavidin bonds.
The number of biotins which bind to a given bead is variable: in the majority of cases (~90-95%), at least two biotins on each end of the DNA molecule bind to a bead. This renders the DNA molecule unable to change its total linking number and the molecule is thus torsionally constrained.
Single-molecule assays. We employed a custom-built inverted microscope that combines dual-trap optical tweezers and wide-field fluorescence microscopy. 18, 20 Experiments were performed in a multi-channel laminar flow-cell where end-closed DNA was tethered between two microspheres (each of diameter 4.5 m) in situ. Such a flow-cell also allowed this dumbbell construct to be exchanged rapidly between channels containing different buffers or ligands. Forces applied to the DNA (via displacement of a tethered microsphere) were measured via back-focal plane interferometry of the condenser top
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lens using a position-sensitive detector. 23 Data were obtained at room temperature in a buffer of 20 mM Tris-HCl, pH 7.6. The buffer also contained 25 mM NaCl, unless stated otherwise. eGFP-RPA and alexa-555-TFAM were prepared as detailed previously. 20, 28 Generation of negatively supercoiled DNA. The method employs the following protocol to generate negative supercoiling in DNA (see also Fig. 1a ). (i) A torsionally constrained DNA substrate is prepared (as above) by tethering both strands of an endcapped DNA molecule to optically trapped microspheres. (ii) Tension is applied to the torsionally constrained DNA. The applied tension must be sufficient to induce overstretching. In torsionally constrained DNA, overstretching typically occurs at forces of ~115 pN. 18, 19 Due to the torsional constraint, the overall linking number remains unchanged. However, overstretching is permitted in this case because some domains of the DNA molecule underwind, while other domains overwind. 18, 19 For a fully overstretched torsionally constrained DNA molecule, ~4/5 of the molecule's length is underwound (~37.5 bp/turn) and ~1/5 is overwound (~2.5 bp/turn). 19 In this way, the DNA molecule can extend by up to ~70% without any change in overall linking number.
(iii) Torsional constraint is transiently broken. In the absence of torsional constraint, overstretching of end-closed DNA is associated only with underwinding of the doublehelix (~37.5 bp/turn). Therefore, relative to DNA that is torsionally unconstrained, overstretching of torsionally constrained DNA induces a torsional stress in the molecule.
This torsional stress can be, at least partly, released by breaking a sufficient number of biotin-streptavidin tethers, such that only one tether exists on at least one end of the DNA molecule (allowing the DNA to swivel around the single tether). (iv) Once the torsional stress has been released, there is a probability that the broken tether reforms. If this occurs, the DNA molecule is once again torsionally constrained; however, now it is constrained
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with a lower linking number than that which it started with. (v) The tension is released; the DNA molecule is preserved in a negatively supercoiled state (with an overall linking number that is lower than that of B-DNA), even at low forces.
Calibrating the extent of supercoiling. The fixed change in DNA linking number generated using ODS can be calibrated using reference force-extension curves. Such reference curves can be obtained either from literature or independently using alternative single-molecule approaches (such as magnetic or micro-pipette tweezers). In our case, we chose to compare our force-extension curves with those of Léger at al. 19 To this end, we plotted the DNA extension at 70 pN as a function of . At this force, the reference data show a near linear relationship between DNA extension and  (over the range of -0.1 <  < -0.7; see Fig. 2b ). By comparing the DNA extension from our measurements at 70 pN with those of the reference data, the value of  generated in our method could be determined.
TFAM diffusion analysis.
End-closed DNA molecules were incubated in a low concentration of alexa-555-labelled TFAM (~5 nM) such that only a few protein monomers were bound. The DNA molecules were then transferred to a protein-free buffer channel where fluorescence movies were recorded with a frame rate of 0.5 s. Kymographs of these movies were then analyzed with a custom-written MATLAB-based program that tracked the position of each alexa-555-TFAM monomer on the DNA as a function of time. Only traces spanning longer than 10 s and which did not cross another were considered. The diffusion constant (D) was determined from MSD plots (MSD = 2Dt + offset) for all trajectories measured.
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Figure 2 caption
Controlling the magnitude and stability of the supercoiled state using tension. a. In a subset of molecules (~25%), the extent of supercoiling () can be controlled by repeatedly extending the molecule (blue) and waiting at high forces (> 115 pN) for a given period of time. The resulting force-retraction traces (red) are consistent with those expected for negatively supercoiled DNA. 19 Force-distance curves associated with repeated stretch/relax cycles are shown by the fading blue/red colour scheme. b. A reference plot showing the change in  as a function of DNA extension at 70 pN, as determined from previously published force-extension curves of supercoiled DNA. 19 These data are interpolated using a second order polynomial (dashed red line).
c.
Histogram showing that, for the subset of molecules that behave similar to those in panel a, the average value of  generated after 10 seconds at high (~150 pN) force is ~-0.1 (N = 25). Note, though, that much larger magnitudes of  (up to ~-0.7) can be generated by repeating the above procedure several times (as shown by the different force-distance curves in panel a). d. In another subset of molecules (~25-35%), the supercoiled state is generated following force ruptures that occur between 80 pN and 120 pN (blue). After each force rupture, an increasing magnitude of supercoiling is formed (as evidenced by the force-retraction curves, red). e. For the behaviour 
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